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Use of 5,10,15,20-tetrakis(p-chlorophenyl)porphyrin as sensor
material: potentiometric determination of aluminium(III) ions
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Abstract. In this study, 5,10,15,20-tetrakis(p-chlorophenyl)porphyrin has been synthesized and used as an ionophore for
the preparation of a poly(vinyl chloride) (PVC) membrane sensor for aluminium(III) ions. The optimum composition of
the best performing membrane contained ionophore, bis(2-ethylhexyl) adipate, PVC and potassium tetrakis(p-chlor-
ophenyl) borate in the ratio of 4.0:63.0:32.0:1.0 (mg). The prepared PVC membrane morphology has been analysed by
scanning electron microscopy. The developed aluminium(IIl)-selective sensor works in a wide linear concentration range
of 1.0 x 107 t0 1.0 x 10~" mol I"! and, the detection limit of this sensor is 2.81 x 10~° mol I"'. The sensor displays near-
Nernstian slope of 25.0 + 2.7 mV per decade for A>T ions. The aluminium(III)-selective sensor has a wide working pH
range of 5.0-10.0. The sensor shows good reusability, long-term stability and a fast response time of less than 5 s. In
addition, the sensor shows good selectivity for AI>" ions over different cations. This aluminium(III)-selective sensor was
successfully used as an indicator electrode in the potentiometric titration of AI** ions with EDTA. The developed sensor

was successfully applied to the direct determination of A
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1. Introduction

Aluminium exists in nature extensively and it is the third
most abundant element in the earth’s crust following
oxygen and silicon [1]. Also, it is an essential element in
diverse biological systems. Aluminium is an important
metal, which has tremendous and multifunctional usage in
many industries and other fields, such as telecommuni-
cation, the development of electrical equipment, machin-
ery, household appliances, transport, storage, cosmetics,
pharmaceutical production, catalysis, culinary utensils,
packaging materials, architecture and potable water
treatment units [2—7]. Aluminium is a powerful neuro-
toxicant, and considerable evidence suggests that it plays
a role in the development of Parkinson’s disease (PD),
Alzheimer’s disease (AD) and some kidney diseases
[8,9]. Therefore, the determination of aluminium in dif-
ferent areas is very crucial. Many different analytical
techniques of aluminium(Ill) determination have been
applied such as inductively coupled plasma mass spec-
trometry [10,11], atomic absorption spectrometry (AAS)
[12,13], UV—-Vis spectroscopy [14] and voltammetry [15].
However, these methods require high-energy consump-
tion, sample pre-treatment, long application time and they
are mostly too expensive. Therefore, potentiometric-based
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ion sensors or ion-selective electrodes offer great
advantages, including wide linear working range, low-
energy consumption, low cost, good sensitivity and short
response time [16-21]. As a result, these methods have
been extensively studied by researchers.

Porphyrins are an important class of macrocyclic com-
pounds, and they play very important roles in the metabo-
lism of living organisms [22]. Porphyrins have gained
interest by researchers working in the sensor field; because
the porphyrin nucleus is a tetradentate ligand providing a
space for a coordinated metal [23]. In addition, porphyrin
derivatives used as electron mediators exhibit great elec-
trocatalytic activity due to their conjugated two-dimen-
sional m-system and special electrochemical properties [24].
Until today, a variety of porphyrin-based potentiometric
sensors have been developed for the detection of different
metal ions [25,26].

In the present work, 5,10,15,20-tetrakis(p-
chlorophenyl)porphyrin (figure 1) was synthesized accord-
ing to a procedure similar to that reported in the literature
[27]. Then, this synthesized molecule was used as an
ionophore and a novel aluminium(IIl)-selective PVC
membrane sensor was developed. The potentiometric
behaviour of the developed sensor was tested under labo-
ratory conditions.
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Figure 1.
structure.

2. Materials and methods

2.1 Chemicals and reagents

Aluminium(Ill) stock solution (1.0 x 107! mol I"') was
prepared by dissolving AI(NO3)3-9H,O (Sigma Aldrich) in
deionized water and making up the final volume to 50 ml.
Other metal solutions were prepared in the same way as
nitrate salts. Other reagents such as ortho-nitrophenyloctyl
ether (o-NPOE), dibutyl phthalate (DBP), bis(2-ethylhexyl)
adipate (DEHA), bis(2-ethylhexyl)sebacate (BEHS), high
relative molecular weight PVC, ethylenediaminetetraacetic
acid (EDTA), potassium tetrakis (p-chlorophenyl)borate
(KTpCIPB), sodium tetraphenyl borate (NaTPB), tetrahy-
drofuran (THF), hydrochloric acid (HCI), sodium hydroxide
(NaOH) and graphite were purchased from the Fluka,
Merck and Sigma Aldrich Chemical companies. Epoxy
(Macroplast Su 2227) from Henkel (Istanbul, Turkey) and
hardener (Desmodur RFE) from Bayer AG (Darmstadt,
Germany) were obtained. Deionized water was produced by
using a DI 800 Model deionized water system.

2.2 Apparatus

The potential measurements were performed by using a
computer-controlled multichannel potentiometric system
(Medisen Medical Ltd. Sti., Turkey). This system has a lab-
made software program. A micro-sized solid Ag/AgCl
(Thermo-Orion) was used as a reference electrode in the
potentiometric cell. "H spectra were measured on a Bruker
Avance DPX-400 instrument. Fourier transform infrared
(FT-IR) spectra were saved by Jasco FT/IR-4700 spec-
trometer. The melting point was measured on an Elec-
trothermal 9100 apparatus. pH measurements were
performed with a digital pH meter (Mettler Toledo Model
S220-K). Surface images and energy-dispersive X-ray
(EDX) analysis of prepared aluminium(III)-selective
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electrode were carried out with a scanning electron
microscope (SEM; Quanta FEG 450-FEI). Atomic absorp-
tion spectrometry (Perkin Elmer Analysis 700 model) was
used in comparison studies.

2.3  Method

2.3a Synthesis of ionophore: 5,10,15,20-Tetrakis(p-
chlorophenyl)porphyrin was synthesized by following the
procedure in the literature [27]. A quantity of 1.406 g (0.01
mol) of 4-chlorobenzaldehyde and 0.69 ml (0.01 mol) of
pyrrole were refluxed for 1 h in 70 ml propionic acid. The
reaction mixture was then cooled down to room
temperature, and the solution was washed several times
with hot water and subsequently with methanol. The
obtained purple crystals were allowed to dry at room
temperature for 48 h. The synthesis scheme of the porphyrin
derivative molecule is shown in figure 2. The spectroscopic
data are identical to the data reported in the literature [28].
Purple crystals, Mp: > 300°C; '"H NMR (400 MHz, CDCl5):
0 —2.82 (br. s, 2-NH), 7.77 (d, J = 8.4 Hz, 8Ar-H), 8.16 (d,
J=8.4 Hz, 8Ar—H), 8.87 (s, 8-pyrrole-H). IR (cm_l): 1709,
1484, 1463, 1387, 1346, 1220, 1176, 1085, 1009, 965, 843,
790, 718, 700.

2.3b  Preparation of PVC membrane sensors:  All-solid-
state contact material was prepared according to the
literature [29,30]. For the preparation of all-solid-state
contact material, the powdered 50 mg of graphite, 35 mg of
epoxy and 15 mg of hardener were mixed in approximately
5 ml of THF and, after obtaining an appropriate viscosity, a
copper wire (approximately 1 mm of thickness and 5-15 cm
length) was immersed in the solution. The copper wires
coated with the conductive solid contact mixture were left
to dry in the dark for 24 h. Then, PVC membrane sensors
were prepared. For this purpose, ionophore (5,10,15,20-
tetrakis(p-chlorophenyl)porphyrin), plasticizers (o-NPOE,
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Figure 2. Synthesis scheme of the 5,10,15,20-tetrakis(p-chlorophenyl)porphyrin.

DBP, BEHS and DEHA), KTpCIPB and PVC in different
proportions were dissolved in 5 ml of THF (table 1). The
pre-prepared all-solid-state contact electrodes were
immersed in the PVC membrane mixture. Finally, the
prepared aluminium(IIl)-selective sensors were allowed to
dry for approximately 12 h. Aluminium(III)-selective
sensors were prepared by coating the membrane cocktail
on the surface of the all-solid-state contact (figure 3).
Optimum PVC membrane cocktail was determined as 4.0%
(w/w) ionophore, 63.0% (w/w) plasticizer (DEHA), 32.0%
(w/w) PVC and 1.0% (w/w) KTpCIPB (table 1).

2.4 Potential measurements

Potentials were measured using Ag/AgCl reference elec-
trode. All potential studies were carried out at 25 £+ 1.0°C
temperature by using the following cell assembly:
Ag/AgCl; KCl (saturated) AT sample solutionlAl**
selective sensorlconductive solid contactlCu wire.

Table 1.

3. Results and discussion

In this study, an aluminium(III)-selective PVC membrane
sensor was developed. The potentiometric characteristics
of the sensor such as working concentration range,
selectivity, reusability, response time, lifetime and pH
working range were further investigated under laboratory
conditions.

3.1 Characterization of 5,10,15,20-tetrakis(p-
chlorophenyl)porphyrin

The 5,10,15,20-tetrakis(p-chlorophenyl)porphyrin ~ was
characterized by 'H-NMR and FT-IR techniques.
Figure 4 shows the FT-IR and '"H-NMR spectra for the
5,10,15,20-tetrakis(p-chlorophenyl)porphyrin.  Figure 4
indicates a peak at 1709 cm™', which belongs to the C=N
of the porphyrin ring. The peak at 1463 cm™ belongs to
the chemical bond stretching of the C=C of aromatic

Composition and potentiometric performance of the prepared aluminium(III)-selective PVC membrane electrodes.

Membrane composition (w/w)

Plasticizer Potentiometric performance
o0- Linear concentration range Slope (mV per

No. PVC Ionophore NPOE DBF DEHA BEHS KTpCIPB ™M) decade) R?

1 33.0 4.0 62.0 1.0 1.0 x 107" to 1.0 x 107 29.8 (£ 1.5) 0.9745
2 32.0 3.0 64.0 1.0 1.0 x 107 t0 1.0 x 107 30.0 (£ 2.1) 0.9895
3300 5.0 63.5 15 1.0 x 107" to 1.0 x 107 27.0 (£ 2.0) 0.9865
4 32.0 4.5 62.0 1.5 1.0 x 107 to 1.0 x 107° 28.6 (£ 2.5) 0.9686
5 33.0 5.0 60.0 2.0 1.0 x 107 t0 1.0 x 107 31.3 (£ 1.5) 0.9814
6 330 6.0 60.0 1.0 1.0 x 107" to 1.0 x 107 30.0 (£ 1.5) 0.9809
7 32.0 4.0 63.0 1.0 1.0 x 107" to 1.0 x 107 25.0 (£ 2.7) 0.9978
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Figure 3. Prepared aluminium(Ill)-selective PVC membrane sensor structure.
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Figure 4. (a) 'H-NMR and (b) FT-IR spectra of 5,10,15,20-tetrakis(p-chlorophenyl) porphyrin.

groups, while the peak at 1176 cm™' belongs to the
chemical bond stretching of the C-H of structure mole-
cule. In 'H-NMR, two protons in —2.82 ppm belong to
—NH of the porphyrin ring. Doublet splittings found in
7.77 and 8.16 ppm belong to the protons in the aromatic
ring. Finally, the peak at 8.87 ppm belongs to the protons
in the porphyrin ring. The FT-IR and "H-NMR spectra of
the structure are shown in figure 4a and b. As a result,
we can state that the spectroscopic data obtained in this
study are in harmony with the structure.

3.2 Electrode surface characterization

Surface characterization of the developed aluminium(III)-
selective electrode was investigated by SEM technique.
SEM images of the PVC membrane electrode are given
in figure 5. As seen, prepared optimum membrane mix-
ture exhibited porous polymer matrix, physically tight,
homogeneous and crack-free structure as expected. EDX
analysis was performed with prepared all-solid-state PVC
membrane (figure 6a) and all-solid-state PVC membrane
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Figure 5. SEM images of PVC membrane aluminium(III)-selective electrode.
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Figure 6. EDX spectra of (a) PVC membrane and (b) PVC membrane with ionophore conditioned in 1072 mol 1! AI** ions for 3 h.

electrode conditioned in aluminium(III) solution for 3 h (fig-
ure 6b). EDX analysis shows that there is only carbon, oxygen
and chloride in the all-solid-state PVC membrane structure
(figure 6a). On the other hand, the PVC membrane electrode
conditioned in 1.0 x 107> mol 1! aluminium solution for 3 h has
aluminium peaks (figure 6b). These results reveal that the por-
phyrin derivative molecule (ionophore) is efficient to form the
complex with aluminium(III) ions.

3.3 Working concentration range, calibration curve
and response time

The potential behaviour of electrodes prepared with all-
solid-state, all-solid-state + DEHA and all-solid-state
+ DEHA + KTpCIPB membrane components against
aluminium(IIT) ion was tested. Thus, the effect of the
ionophore was determined. Obtained potentiometric mea-
surement results are given in figure 7. As seen in figure 7,
all electrodes without ionophore showed a non-linear
potentiometric response to AI>™ ions, while PVC membrane
sensor with ionophore in their composition showed a linear
potentiometric response to AI**" ions.

The potential response of the aluminium(III)-selective
sensor as a function of APPT activity was studied in the

1550
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>
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—— All-solid-state —&— All-solid—state + DEHA

—o— All-solid-state + DEHA + KTpCIPB —&— Optimum Membrane

Figure 7. Potentiometric response of ionophore and non-
ionophore electrodes.

concentration range of 1.0 x 107~ to 1.0 x 107" mol I"! of
AI’*. Membrane 1 exhibited a narrow working
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concentration range of 1.0 x 10 to 1.0 x 10~" mol 1"
Membranes 2—6 exhibit behaviour at concentrations from
1.0 x 107 to 1.0 x 107" mol 1*1, but their correlations are
low. The optimum membrane (membrane no. 7) showed a
linear behaviour with the highest correlation value (R =
0.9978) in the 1.0 x 10~ to 1.0 x 10~ mol I"! concentra-
tion range (figure 8). This sensor displayed a near-Nernstian
slope of 25.0 & 2.7 mV per decade and a detection limit of
2.81 x 107° mol 1! (figure 8). In addition, the developed
sensor reached equilibrium very quickly at every 10-fold
concentration change. The response time of the sensor was
determined according to the [UPAC recommendations and
was found to be 5 s [31].

3.4 Potentiometric selectivity

Selectivity is one of the most important characteristics of
any sensor and it is defined as the ability to determine a
particular species without being affected by other species
present in the sample mixture [32]. The nitrate salts of
different ions such as K*, Nat, Li*, NH, , Pb”, Mg”,
Cu?t, Cd*t, Ni?t, Sr?™, Ca®t, Co**, Zn?t and Cr*t were
measured at concentrations ranging from 1.0 x 107 to 1.0
x 107" mol I"! by the developed sensor. Figure 9 shows that
the sensor is highly selective against AI>™ ions even in the
presence of other metal ions. The selectivity coefficients of
aluminium(IIl) ion and other cations were calculated
according to the following equation at a concentration of
1.0 x 1072 mol I"! by using the separate solution method
(SSM) by IUPAC [33].

pot (EB B EA)ZAF

V4
logK''p = + (1 —2)logay,

RTIn10 Zy

where K%’ = selectivity coefficient, a, = activity of alu-
minium(IIl) ion, ag = activity of interfering ion, Z, =

1500
1480

1460

1440 E =-26.1 (log[AP*]) + 1504.9

R?=0.9978 (10'=10° mol L")
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Figure 8. Potential response of aluminium(IIl)-selective sensor.
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Figure 9. Potentiometric selectivity of the aluminium(II)-
selective sensor.

charge of aluminium(Ill) ion, Zg = charge of interfering
ion; R is the gas constant equal to 8.314510 J K~' mol™';
T the absolute temperature, K; F is Faraday constant,
9.6485309 x 104 C mol "

The selectivity coefficient was calculated by two solu-
tion methods (TSM) based on measuring the potentials of
a pure solution of AP’" ion (E,), and a mixed solution
containing APP" and interference ions (Easp)- The
potential difference (AE = Ex,p — Ea) was added to the
following equation to calculate the selectivity coefficient
[33]:

KPAO;3 _ aA[eAEZAF/(RT) _ 1]/aBZA/ZB'

The selectivity coefficients calculated according to both
methods are given in table 2. Figure 9 and table 2 indicate
that the aluminium(III)-selective sensor performed a highly
selective response to AI** ion over the other cations.

3.5 pH effect

The pH dependence of the potential of the aluminium(III)-
selective sensor at 1.0 x 1072 mol I"" AI** was tested over
the pH range of 2.0-12.0. pH 2.0-7.0 was prepared with
hydrochloric acid and pH 8.0-12.0 was prepared with
sodium hydroxide. The pH dependence of the sensor is
shown in figure 10. Considering this data, it is clear that
the potentials are independent of pH in the range 5.0-10.0.
The potential decrease in the electrode response at high
pH values (>10.0) may be due to the formation of
hydroxyl complexes of AI*" cation in the solution. On the
other hand, at lower pH values (<5.0) the potential
increases, indicating that the electrode responds to
hydrogen ions.
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Table 2. Selectivity coefficients of various interference metal ions.

Selectivity coefficient

Selectivity coefficient

Interfering SSM method TSM method Interfering SSM method TSM method
ions —log Ki(;;#M"* log KI/IE*M"* ions —log KTI;‘MM log KF:ILWMM
K" 2.59 2.05 Cu** 4.74 3.54
Pb>* 3.12 2.51 N 5.27 4.07
crit 3.32 2.88 NiZ+ 5.28 4.21
at 3.89 3.08 Ccd*t 6.83 4.33
Lit 3.99 3.74 Ca*™ 6.88 4.65
NH,* 4.03 3.77 Co** 7.01 4.78
Mg>* 430 4.67 Zn** 7.95 4.04
1440 3.7 Analytical applications
1420
1400 3.7a Potentiometric titration: ~ The analytical application
1380 of the aluminium(IIl)-selective electrode was tested by
> 1360 using it as an indicator electrode. For this purpose,
S5m0 potentiometric titration of AI’* with EDTA was
1320 performed and, the endgoint was determined. An aliquot
1300 of 10 ml of 1.0 x 10~ mol I AI(NO3)3 solution was
titrated against 1.0 x 1072 mol 1"' EDTA solution. The
1280 potential data were plotted against the volume of EDTA and
1260 the titration graph is shown in figure 12. As seen in this
0 1 2 3 4 5 6 7 8 9 10 11 12 13 i : e )
oH figure, the turning point of the titration was determined to

Figure 10. The effect of pH on the potential of the developed
sensor at 1.0 x 107 mol ™" AP*T.

3.6 Reusability and lifetime

The aluminium(IIl)-selective sensor was repetitively
exposed to AI’™ ion solutions at three different concen-
trations (1.0 x 107 to 1.0 x 107 mol I"!) and its
reusability was determined. Figure 11 demonstrates that
the aluminium(IIl)-selective sensor is highly reusable.

The lifetime of the developed sensor was determined by
monitoring the potential behaviour in potentiometric mea-
surements taken against AI>™ ions at different times. At the
end of the study, we determined that the sensor had a
lifetime of 1 month.

1490
1470
1450

Z 1430

%1410
1390
1370
1350

0 100

200 300 400

Figure 11.

be 1.0 ml. In the study, a sigmoid shape could not be
obtained due to the interference effect of sodium ions in the
structure of EDTA. Similar results were also reported in the
literature  [34,35].  Consequently, the  proposed
aluminium(II)-selective electrode was successfully used
in the potentiometric titration of AI>™ ions with EDTA, and
the data showed that it can be used as an indicator electrode.

3.7b Real sample  applications: The  developed
aluminium(III)-selective sensor was determined to work
well under laboratory conditions. Then, to assess the
applicability of the developed sensor to real samples,
using the developed sensor, we determined AI*™ in local
tap water (Tokat, Turkey), purification water and two

500
time (s)

600 700 800 900 1000

Reusability of aluminium(III)-selective sensor.
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different commercially available water products. The
study was carried out according to the standard addition
method. Validation of the developed sensor was tested by
comparing its AAS. The results are summarized in
table 3. As seen from table 3, high recovery values
ranging from 96.00 to 97.91% was achieved with the —~ T YT
proposed sensor, and the results were in good agreement — 2223
with AAS. As a result, the proposed sensor can be used g XXX X
to detect AI>* ions in different samples. = % EX-F
El 2| @aaax
1| 5 co oo
S|7 | Head
3.8 Comparison study s S
= RN
The comparison of the developed aluminium(III)-selective
sensor with the previously reported aluminium(III)-selec-
tive sensors is given in table 4. The comparison was
performed in terms of concentration range, detection
limit, pH working range and response time properties. %
. ()
The developed sensor was found to be superior to other Té.
sensors in terms of its wide pH working range and fast S
response time. Also, considering detection limit property, B + LLLL
it has a value close to other sensors. This comparative g < | =———=-
study indicates that the proposed aluminium(IIl)-selective k= § ; ; ; ;
sensor is better than existing electrodes or sensors when g Z 2SS
some of the characteristics analysed in this study are "
taken into account. m:t
o
o
=
£
=
4. Conclusions é
5
There are various analytical methods in the literature for 3 =
macro and micro analysis of AI’" jons. Although the § 9
. . oy =
reported analytical methods are highly sensitive for the £ E —~=1|=a
. . . . . . ]
determination of AI*" ions, some complications might be = £ 588 !
encountered in their application, especially the pre-treat- 2 é g sz g
ment and the requirement for experienced personnel. & = et g g g TE
Potentiometric ion-selective sensors provide the rapid o E| 2 % ﬁg ?g 2
. . . . . . . @ s
determination of various ions with their easy preparation _% = i% g g b
and simple use. On the other hand, these sensors offer low- = | EE£SS | <
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Table 4. Comparison of the developed aluminium(III)-selective sensor with other sensors previously reported in the literature.

Response

pH working

Limit of detection

Concentration range

Real samples applications Ref.

time (s)

range

(mol 1Y

(mol 1Y

Ionophore

(2022) 45:114

[36]
[37]

Not worked

70
10

4.0-7.0

1.3 x 1077

1.0 x 10°t0 1.0 x 1072
1.0 x 10° t0 1.0 x 1072

Ethandione, di-(2-furyl)

Al-Mg syrup and drinking water

2.9-5.0

25 x 10°°

Bis(5-phenylazo salicylaldehyde) 2,3-naphthalene

diimine
7-Ethylthio-4-oxa-3-phenyl-2-thioxa-1,2-

(38]

Some natural rocks

20

2.25-3.25

32 x 107°

1.0 x 102 t0 1.0 x 107"

dihydropyrimido-[4,5-d]pyrimidine

Octaethylporphyrin

[39]

Tap water, river water

4.5
5

4.0-7.0

25 x 107°

1.0 x 10°t0 1.0 x 107
1.0 x 107 t0 1.0 x 107"

This work

Different water samples

5.0-10.0

2.81 x 107°

5,10,15,20-Tetrakis(p-chlorophenyl)porphyrin
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energy consumption and low-cost analysis [40]. In this
study, a novel all-solid-state contact PVC membrane sensor,
which is highly selective to aluminium(III) ions, has been
developed using a porphyrin-derivative molecule as an
ionophore. The developed aluminium(IIl)-selective sensor
has high stability, good reusability, good selectivity, fast
response time, a wide working range and a wide pH
working range. The developed sensor was successfully used
as an indicator electrode in the potentiometric titration of
AIPT against EDTA. In addition, it was determined that the
developed sensor is applicable for the determination of
aluminium(IIl) ions in water samples and, the results are
compatible with AAS.
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